Abstract We compare current and historic seismicity rates in six States in the USA and three Provinces in
Introduction
The turnaround in hydrocarbon production in North America in the last few years is generally attributed to two key technological innovations, namely horizontal drilling and multistage hydraulic fracturing, employed in both unconventional tight plays (mainly shale resources, Figure 1 ) and for redevelopment of mature conventional hydrocarbon fields [Van der Baan et al., 2013] . For instance, in 2013, the USA became the largest hydrocarbon producer in the world, up from number 3 only a few years before. The USA produced on average 12.4M barrels/d in 2013 (petroleum and other hydrocarbon liquids but excluding dry gas), surpassing Saudi Arabia with 11.7M barrels/d. Likewise, the USA surpassed Russia's dry gas production in 2011. See Table 1 for accessed sources of production information.
We investigate whether a relationship exists between seismicity rates and hydrocarbon production in major onshore producing regions in the USA and Canada over the last few decades. Specifically we ask the question: Does large-scale increases in production lead to increased seismicity rates?
Methods
We examine first the seismicity rates for the years 1965-2014. We consider only events with magnitudes larger than three, the minimum magnitude that can be reliably detected by the often sparse seismological networks used in the past [Ellsworth, 2013; Schultz et al., 2015b] . For each region, the exact spatial coordinates are specified in the figure captions. We discard all events deeper than 15 km since we are only interested in seismicity that may be triggered due to human activities at the surface. We use a maximum depth of 15 km since depths of shallow events are generally ill constrained in regional networks due to their spatially sparse density, with increasing depth uncertainty for older data. It is not uncommon for a shallow event to be assigned a depth by an interpreter given a fixed set of predefined depth levels. Similar seismicity patterns are obtained if a shallower depth is used of say 10 km.
Next we compare these seismicity patterns with published production information for the same time period. Specifically we look at natural gas gross withdrawals (total gas produced from both oil and gas wells) and crude oil production. For fairness of comparison between seismicity and production, we outline the spatial extent of the major oil and gas plays in each considered State and Province.
Within Canada, we consider the provinces of Alberta (renewed oil production from existing conventional plays and new tight plays such as the Montney and Duvernay shales), British Columbia (increased hydrocarbon production from tight Horn River and Montney shales) and Saskatchewan (tight oil from Bakken shale), and within the USA, Pennsylvania, West Virginia (tight gas from Marcellus shale), Oklahoma (Woodford shale, Hunton and Mississippi Lime dewatering plays), North Dakota (tight oil from Bakken shale), and onshore Texas (tight oil from Eagle Ford shale and Permian basin, tight gas from Barnett and HaynesvilleBossier shales). See Figure 1 for geographic locations.
Data and Resources
The seismicity rates for the years 1965-2014 are obtained from the IRIS catalogue for the United States (http://ds.iris.edu/wilber3/find_event) and from a merged Earthquakes Canada-IRIS catalogue for Canada (http://www.earthquakescanada.nrcan.gc.ca/stndon/NEDB-BNDS/bull-eng.php). For the Canadian regions, we used the catalogue from Earthquakes Canada as a base and added events from the IRIS catalogue if not found in the Earthquakes Canada database. In all cases, only events with magnitudes M 3 and depths less than 15 km are extracted. No further screening was implemented, since both agencies have stringent reporting and quality assurance standards. 
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For additional scrutiny, we compared our merged catalogue for Canada with the one used by Atkinson et al. [2016] for Alberta and British Columbia, available on http://www.inducedseismicity.ca, covering mostly the period 1985 through present, and found identical patterns.
The hydrocarbon production information comes from a variety of sources (Table 1) . For the continental USA, we use data from the U.S. Energy Information Administration (http://www.eia.gov), which publishes monthly oil and gas production per state since 1981, as well as rig counts for various plays since 2007. Canadian production statistics come from the Canadian Association of Petroleum Producers (http://www.capp. ca) and the National Energy Board (http://www.neb-one.gc.ca) who publish monthly and yearly statistics per Province since 1998 and 1947, respectively. Oil and gas production statistics for Canada are converted to thousands of barrels (oil) and MMcf (gas), respectively, to facilitate comparison. Again no further screening was implemented and statistics are reproduced as reported by the agencies.
Outlines of producing formations were obtained from maps produced by IHS PacWest (http://pacwestcp. com; last accessed January 2016) for the Woodford, Bakken, Barnett, Marcellus, Eagle Ford, Permian Basin, and Haynesville-Bossier shales; from ShaleExperts (http://www.shaleexperts.com; last accessed October 2015) for the Mississippi Lime formation; from Natural Gas Intel (http://www.naturalgasintel.com/international-resources/; last accessed October 2015) for the Montney (Alberta side), Duvernay and Viking formations; and from BC Oil and Gas Commission (BCOGC) [2014b] for the Horn River basin and the Montney formation (British Columbia side).
Results
Oklahoma, USA
The change in earthquake rates in Oklahoma has drawn widespread attention [Keranen et al., 2013 [Keranen et al., , 2014 Walsh and Zoback, 2015] (Figures 3a-3c ). In 2014, the rate of occurrence of earthquakes with magnitudes of three and greater in Oklahoma exceeded that in California [Keranen et al., 2014; McGarr et al., 2015] . Overall, the seismicity shows sporadic activity between 1966 and 1976 (9 events), two peaks between 1977 and 1983 (275 events), then a quiet period with 45 events until 2008, when seismicity rate strongly increased: 42 events in 2012, 115 events in 2013, and 607 events in 2014. [Walsh and Zoback, 2015] . Thick dashed line: region with high density of disposal wells [Walsh and Zoback, 2015] . The Hunton play is located just south of the Mississippi Lime within the bold dashed contour. MMcf; Figures 3d and 3e) . The increased hydrocarbon production since 2008, specifically in oil, coincides with increased seismicity rates. This region has experienced a total of 28 years with no to very low seismicity as compared to 12-15 years of moderate to large seismicity. The seismicity between 1977 and 1983 (275 events) occurs across the entire State of Oklahoma but with the largest concentration within the Western outline of the Woodford shale play (Figure 3a ).
New production comes largely from wells targeting the Mississippi Limestone and Hunton formations. These are conventional and often very mature reservoirs, also known as dewatering plays, where significantly more water than hydrocarbons are produced [Murray, 2013 [Murray, , 2015 . Hydraulic fracturing is not thought to play an important role within these two formations [Murray, 2013; Walsh and Zoback, 2015] ; yet current water use for hydraulic fracturing in the Woodford shale is among the highest averages per well for the USA [Gallegos et al., 2015] .
Recent seismicity is mostly concentrated within the region containing most salt-water disposal wells (that is, class II injection wells), which are largely related to production from the central part of the Mississippi Lime and Hunton formations ( Figure 3a) . Indeed, the change in seismicity in Central and Northern Oklahoma is thought to be caused by increased salt-water disposal [Keranen et al., 2014; Walsh and Zoback, 2015; Weingarten et al., 2015] , particularly in deep formations (Arbuckle Group) which are directly above crystalline basement rock, possibly reactivating critically stressed faults [McNamara et al., 2015] . See also Figure 2. 4.2. Pennsylvania, West Virginia, and Ohio, USA Oil production has been historically larger in Oklahoma than in Pennsylvania and West Virginia. However, current gas production, mostly from the Marcellus shale, exceeds Oklahoma production due to a 16-fold increase since 2010 (Figures 4d and 4g ). Like in most of North America, Pennsylvania's oil production [Kim, 2013] . (b) Yearly seismicity rates for the study region (black curve) and the Marcellus shale area (red dotted line). (c) Cumulative seismicity over time. Annual production of (d) Pennsylvania crude oil (thousands of barrels), (e) Pennsylvania natural gas gross withdrawals (MMcf), (f) West Virginia crude oil, and (g) West Virginia natural gas gross withdrawals.
Geochemistry, Geophysics, Geosystems West Virginia's production also experienced recent increases (Figures 4f and 4g ).
Seismicity rates within the Marcellus play between 1995 and 2015 may be slightly higher than before 1995; yet annual seismicity is approximately constant (Figures 4a-4c) , as shown by the constant slope in the cumulative seismicity plot. Seismicity surrounding the Marcellus shale area shows a similar pattern with a subtle but more pronounced break in slope around 1995. It is also fairly constant since 1995 (Figures 4a-4c ). The break in slope in both cases may be due to increased seismometer density which would imply that the magnitude of completeness lies somewhat above M53 in this area. Yet, the steeper slope for the entire area indicates that increased observed seismicity is not constrained to the Marcellus shale play.
Only a single injection-related cluster is known with seismicity in excess of magnitude 3. Kim Closer inspection shows another cluster with a peak of 13 events in 2011 (Figure 4b ), 6 of which belong to a swarm of aftershocks from the Mineral, Virginia, M5.7 earthquake (23 August 2011). This is a known tectonic (natural) event outside of the Marcellus shale area [Chapman, 2013] .
Finally, some seismicity within the Appalachian region may be due to coal mining. For instance, Bollinger [1989] finds up to magnitude 2 events above an active coal mine in Virginia, with seismicity rates proportional to volume of rock removal.
Contrary to Oklahoma, there is no evidence for increased regional seismicity rates between 2008 and 2014 within the Marcellus shale play, despite the 16-fold increase in gas production, largely attributed to substantial hydraulic fracturing with associated increases in underground fluid injection [Ellsworth, 2013; Lutz et al., 2013] . Hydrocarbon production in Ohio is also on the rise with 15M barrels of oil and 5.2 3 10 5 MMcf of gas in 2014, representing respectively 2.9-fold and 6.2-fold increases from 2012. New production comes mainly from the Utica shale formation ( Figure 1 ).
Few hydrocarbon-related salt-water injection wells (that is, class II injection wells) exist in West Virginia and Pennsylvania ( Figure 2 ). It is not uncommon for Pennsylvanian produced water to be trucked to Ohio for disposal [Lutz et al., 2013] , including the cluster examined by Kim [2013] . Estimates for the amount of produced water that is recycled in Pennsylvania, via new hydraulic fracturing treatments, vary considerably with assessments of 6-27% between 2009 and 2014 [Chen and Carter, 2016] versus 13% prior to 2011 and 56% in 2011 [Lutz et al., 2013] . Like the Woodford shale, current water use for hydraulic fracturing in the Marcellus shale is among the highest averages per well for the USA [Gallegos et al., 2015] .
Differences in geology and production practices thus play an important role in determining the likelihood for fluid-induced seismicity. At first sight, analysis of Marcellus-shale production versus seismicity rates in the area may give the impression that large-scale hydraulic fracturing is less likely to lead to locally changed seismicity patterns, contrary to large-scale salt-water disposal; yet both types of underground fluid injection may affect seismicity [Atkinson et al., 2016] as will be shown when discussing Alberta and northeast British Columbia. . Increased oil and gas production is again generally attributed to hydraulic fracturing [Gallegos et al., 2015] . Also numerous salt-water disposal wells exist in Texas ( Figure 2 ). Offshore production as well as federal Gulf of Mexico production is excluded in our analysis since off-shore seismicity (M 3) is negligible (only 6 events during .
The recent increase in seismicity correlates visually with increased oil production in onshore Texas. However, unlike Oklahoma (Figures 2 and 3), seismicity in on-shore Texas is spatially constrained to local areas (clusters), whereas increased production comes from large regions. For instance, hydraulic fracturing [Gallegos et al., 2015] and salt-water disposal ( Figure 2 ) occur across most of the Barnett shale area; yet seismicity is strongly clustered [Frohlich, 2012] .
There are five known clusters: four in the last decade and one during 1975-1982 in the Cogdell field. The latter cluster is attributed to enhanced oil recovery [Davis and Pennington, 1989] and overlaps with a more recent cluster in the area, attributed to CO 2 storage [Gan and Frohlich, 2013] . The other recent clusters are located in the Barnett shale [Frohlich, 2012] , Eagle Ford shale [Frohlich and Brunt, 2013] , and the Timpson sequence in the Haynesville-Bossier shale [Frohlich et al., 2014] . Most of these are also detected by Weingarten et al. [2015] , as shown in Figure 2 .
In other words, recent changes in seismicity only occur locally, despite substantial increases in large-scale underground fluid injection across the State of Texas due to hydraulic fracturing and salt-water disposal. This raises the question what differentiates these specific local areas? Closeness to favorably oriented faults is likely to play an important role; yet Frohlich [2012] shows that seismicity in the Barnett area is not necessarily constrained to known faults. Likewise, published fault maps for Oklahoma [Darold and Holland, 2015] do not show a clear correlation with observed seismicity (Figure 3a) . [Davis and Pennington, 1989 ] and a recent cluster due to CO 2 storage [Gan and Frohlich, 2013] . (b) Yearly seismicity rates. (c) Cumulative seismicity over time. Annual production of (d) on-shore crude oil (thousands of barrels) and (e) on-shore natural gas (MMcf).
Geochemistry, Geophysics, Geosystems Like Pennsylvania and West Virginia, North Dakota is a State with significantly increased oil and gas production but no noticeable change in seismicity. Contrary to Pennsylvania and West Virginia, numerous saltwater disposal wells exist in North Dakota within the Bakken production zone (Figure 2 ), yet few injection wells are thought to be associated with seismicity in North Dakota [Weingarten et al., 2015] . North Dakota is thus an example of a State with substantially increased underground fluid injection, yet no concurrent change in regional seismicity rates.
Saskatchewan, Canada (Bakken Shale)
The Bakken shale plays from North Dakota (USA) continues north into the province of Saskatchewan, Canada. Figure 7 shows the southern part of the province has experienced only 29 events since 1970. Only 2 of these occur within the Bakken outline. An isolated pocket of 15 events exists in south-east Saskatchewan (black dots in top right of Figure 7a ). This area also experienced a swarm of eight events during the early 1980s (red dots). This specific cluster is likely induced by potash mining near Esterhazy [Hasegawa et al., 1989; Verdon et al., 2016] .
Total crude oil production was mostly constant between 1970 and 1990 (77M barrels), rapidly increased until 1997 (148M barrels) and has since again been essentially constant with a moderate increase in 2013 (177M barrels) due to increasing light oil production. Light oils are mainly produced from the Bakken, Lower Shaunavon, and Viking formations. The outline of the Lower Shaunavon formation partially overlaps with the Western portion of the Bakken. The Viking formation extends from Western Saskatchewan to Alberta (Figure 8a ). The Lower Shaunavon and Saskatchewan Viking outlines are devoid of seismicity (M 3).
Heavy oil production, mainly from Western Saskatchewan, contributes significantly to total crude oil production (Figure 7d ), but again no known seismicity occurs near these fields. Only total crude oil production is reported prior to 1997. Gas production has been mostly in line with the oil production, except that the increase happened in the late 80s instead of early 90s. Production has been declining since 2006 (Figure 7e ). Geochemistry, Geophysics, Geosystems
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Like its southern counterpart in North Dakota, seismicity remains rare in the Canadian part of the Bakken formation. See also Verdon et al. [2016] for a more in-depth analysis of net fluid injection and seismicity in Southeast Saskatchewan. Saskatchewan is thus another example of a region with increased underground fluid injection, yet no concurrent change in seismicity rates.
Alberta, Canada
The province of Alberta, Canada (Figures 8a-8c Production of light oil has been steadily decreasing since 1973 (522M barrels) with a moderate trendreversing increase since 2010 (168M barrels) to 212M barrels in 2013 (Figure 8d ). Production of heavy oils and bitumen is shown separately. Most commonly, heavy oils are either mined at the surface or recovered via steam injection to enable in situ drainage. No known seismicity occurs near these fields, yet it dominates increasingly total Albertan oil production [NEB, 2013] . Gas production steadily increased since 1970, peaking in 2000 (5.9 3 10 6 MMcf), then decreasing (Figures 8d and 8e ).
Hydrocarbon recovery occurs essentially along the entire southwestern section of the foothills bordering the Rocky Mountains [e.g., Atkinson et al., 2016, Figure 1 ]. The change in light-oil production is generally attributed to multistage hydraulic fracturing treatments allowing (re)-development of tight-oil fields [NEB, 2013] such as the mature Cardium and Viking formations and the more recently targeted Montney and Duvernay shale plays (Figure 8a) . Indeed, the number of disposal and hydraulically fractured wells has steadily and substantially increased within Alberta and British Columbia in the period 2010-2015, respectively [Atkinson et al., 2016] .
The increase in seismic activity in the late 1970s and early 1980s as well as the peak in 1996 is thought to be associated with gas extraction in and near the Strachan field, Rocky Mountain House [Wetmiller, 1986; Baranova et al., 1999] . Both production and seismic activity have decreased since 1995 beneath the Strachan field [Stern et al., 2013] . Seismicity rates in Alberta are also influenced by the local increase in seismic activity in the Cordel field during 1995-2012, linked to salt-water disposal [Schultz et al., 2014] .
The peak of seismicity in 2013 is attributed to a swarm of 25 events around Fox Creek of magnitudes 2.5-3.5 near hydraulic fracturing treatments in the Duvernay shale [Schultz et al., 2015c] . On 22 January and again 13 June 2015, this same area experienced M4.4 and M4.1 events about 30 km NNW of Fox Creek, respectively, two of the largest events worldwide thought to be associated with hydraulic fracturing [Atkinson et al., 2016] . The first event led to new monitoring regulations [Alberta Energy Regulator, 2015] including a stop-light system [Gaucher et al., 2015] with shut in for magnitudes in excess of 4. See also Bao and Eaton [2016] and Schultz et al. [2017] for more background on the induced seismicity in the Duvernay area.
In southern Alberta, near the U.S. border, Schultz et al.
[2015a] correlate a cluster of seismic events between December 2011 and March 2012 with a hydraulic fracturing treatment near Cardston. The largest event has a magnitude of 3.0 (3 December 2011). Various other events in the area at minimum distances of 15 km from the injection site occur near known faults (e.g., the Livingstone thrust) and may be tectonic.
Atkinson et al. [2016] find that dozens of disposal and hydraulically fractured wells may be associated with M 3 seismicity in Alberta and British Columbia. The Province of Alberta is thus an example where both hydraulic fracturing and salt-water disposal may be associated with induced seismicity.
British Columbia, Canada (Montney and Horn River Shales)
For the province of British Columbia, we have excluded all events at its West Coast which are related to the Juan de Fuca, Explorer, and Pacific plates subsiding underneath the Canadian Craton [Price, 1994] . The peak in seismicity in the early 1990s has been attributed to water injection in the Eagle field (Montney shale) near Fort St. John [Horner et al., 1994; BCOGC, 2014b] . The regulator of British Columbia has declared that fluid injection during hydraulic fracturing in the Horn River basin is responsible for the recorded events in 2009-2011 [BC Oil and Gas Commission (BCOGC), 2012; Farahbod et al., 2015] . Seismicity in the Horn River area has decreased since 2012, mainly due to falling gas prices and associated reduction in gas production and hydraulic fracturing treatments [BCOGC, 2014b] .
Various seismic clusters within the Montney production zone (Figure 9a ) are thought to be associated with either hydraulic fracturing or salt-water disposal [BCOGC, 2014b; Atkinson et al., 2016] . This includes an estimated M4.6 event which occurred on 17 August 2015.
Atkinson et al.
[2016] analyze 12,289 hydraulically fractured wells and 1236 salt-water disposal wells in Alberta and northeast British Columbia in the period 1985-2015. They conclude that in the entire period only 7% of all recorded seismicity with magnitudes M 3 is clearly of tectonic (natural) origin, 31% of the seismicity may be associated with hydraulic fracturing, and 62% with salt-water disposal. However, in the tail end 2010-2015, these numbers are reversed; 62% of the seismicity may be associated with hydraulic fracturing and 31% with salt-water disposal. The possible reversal is caused by the significantly increased number of hydraulic fracturing treatments in Alberta and Northeast British Columbia since 2010, whereas the number of salt-water disposal wells has only steadily increased.
However, the vast majority of wells have no associated seismicity [Atkinson et al., 2016] . Only 1.3% of the disposal wells and 0.3% of the hydraulically treated wells may have associated seismicity. One possible explanation for the different percentages is that salt-water disposal wells operate for long periods (often years), whereas hydraulic fracturing treatments last generally only a few days per well. This limits the likelihood of injected fluids hydraulically connecting to a nearby fault. Geochemistry, Geophysics, Geosystems 10.1002/2017GC006915
Discussion
We started with the question: Does large-scale increases in production lead to increased seismicity rates? Our observations show quite a diverse picture (Figures 3-9 (Figure 3 ).
Correlations-Is it possible to quantify correlations? Figure 10 shows daily averages of oil production (green) versus seismicity rates (M 3, red) in Oklahoma for the months of January 2007 to November 2016. Daily averages are shown in each month instead of monthly quantities to correct for the different number of days per month. An 85% correlation exists between seismicity and production in Oklahoma in this period. The maximum correlation is obtained at zero lag; yet the onset of the increased production is approximately 1.5-2 years ahead of the increase in seismicity. Their respective peaks are 10 months apart. If pore pressure diffusion due to salt-water disposal triggers induced seismicity in Oklahoma [Keranen et al., 2013 [Keranen et al., , 2014 Walsh and Zoback, 2015] , then one would indeed expect a delay between production and seismicity trends. Seismicity in Oklahoma is declining since the start of 2016, whereas production is essentially constant. At its height, 113 events (M 3) occurred in January 2016. Notable is also the large number of events in November 2011 when the Prague event (M 5 5.6) occurred on 5 November 2011.
We did not compute correlation coefficients for the other regions. Estimation variances are inversely proportional to the number of samples in a time series [Mendel, 1991] . In other words, use of the annually reported statistics within the period of increased production (for most States/Provinces 2008 or 2010 does not lead to a meaningful correlation coefficient. See Opr sal and Eisner [2014] for more background on this issue. Unfortunately, for all considered States/Provinces but Oklahoma, the seismicity rates are such that using monthly instead of annual occurrences is not meaningful as too few events occur. We anticipate that correlations will be low since trends are visually dissimilar at the regional scale.
In this paper, hydrocarbon production is used as a proxy for fluid injection volumes since pore pressure increases and thus fluid injection increases the likelihood of fault reactivation and therefore the probability of felt seismicity [Ellsworth, 2013] . Ideally, net volumes would have been used (that is, injection minus extraction volumes). Unfortunately, hydraulic-fracturing and salt-water-disposal volumes are rarely fully disclosed; hence, the necessity to use production as a proxy. Yet is it a fair proxy since many factors affect the performance of a reservoir over time? For instance, with increasing age a reservoir tends to produce more water. Likewise, are hydraulic fracturing volumes proportional to production?
These questions are difficult to answer conclusively because of the lack of hard data for most considered Provinces/States. Annual water disposal volumes in Northeast British Columbia [BCOGC, 2014b] are visually strongly correlated to reported annual gas production since 1971 (Figure 9e) . Likewise, Figure 10 shows that oil production for the entire State of Oklahoma is strongly correlated with salt-water injection volumes into the Arbuckle formation for central and western Oklahoma [Langenbruch and Zoback, 2016] , with essentially constant production, injection data between 2008 and 2011, strong increases starting early 2012, and Figure 10 . Seismicity, salt-water disposal and oil production for Oklahoma: January 2007 through November 2016. Daily averages per month of oil production (green, million barrels/d), salt-water disposal into the Arbuckle formation (blue, million barrels/d) and earthquakes (red, M 3). Large correlations exist between all displayed quantities: 92% between production and injection (5 months lag), 89% between injection and seismicity (9 months lag), 85% between production and seismicity (no lag). Earthquakes of M 5 are also indicated.
Geochemistry, Geophysics, Geosystems 10.1002/2017GC006915 both peaking in March 2015. The regulator introduced mandated restrictions on injection rates in 2015, causing a sharp decline in injection volumes into the Arbuckle formation [Langenbruch and Zoback, 2016] , whereas production has been essentially constant since 2015 (Figure 10 ).
Some injection occurs in other formations but the Arbuckle formation is by far the most important formation in Oklahoma for salt-water disposal. Likewise, some Arbuckle injection occurs outside of central and western Oklahoma but the majority of wells are within this zone [Langenbruch and Zoback, 2016] . See also Figures 2 and 3 .
At its height, in March 2015, the daily injection rate into the Arbuckle formation amounted to 3.23M barrels/ d for an oil production of 0.48M barrels/d. To put this in perspective, the USA, currently the world's largest hydrocarbon producer, extracted on average 15.1M barrels/d in 2015 of petroleum and other hydrocarbon liquids but excluding dry gas. On average, in the period [2008] [2009] [2010] [2011] [2012] [2013] [2014] 6 .98 times more salt water was disposed into the Arbuckle formation in central and western Oklahoma than oil was produced in the entire State of Oklahoma. In July 2016, this ratio changed to 3.55, likely due to a combination of mandated injection restrictions by the State regulator and changed depletion strategies by operators, focusing on the economically most profitable wells due to the strong decline in oil prices since 2014. Figure 10 shows the following correlations: 92% between production and injection (5 months lag), 89% between injection and seismicity (9 months lag), and 85% between production and seismicity (no lag). Production is 5 months ahead of injection, and injection is 9 months ahead of seismicity. Seismicity trailing injection data are supportive of pore pressure diffusion due to salt-water disposal triggering induced seismicity in Oklahoma [Keranen et al., 2013 [Keranen et al., , 2014 Walsh and Zoback, 2015; Langenbruch and Zoback, 2016] .
The observed strong correlations between disposal volumes and hydrocarbon production for North-East British Columbia and Oklahoma strengthen our base assumption that hydrocarbon production is representative of trends in disposal volumes at the regional scale. Are hydraulic fracturing volumes also proportional to production?
Even less hard data are published on regional hydraulic fracturing volumes. However, we can use another source of information, namely rig counts, that is, the number of drilling rigs that are operational in an area. Figure 11 shows rig counts versus oil and gas production in the Bakken (North Dakota and part of Montana), Eagle Ford (Texas), Haynesville (Texas), Marcellus (Pennsylvania and West Virginia), Permian Basin (Texas), and Utica (Ohio). See Figure 1 for geographic locations. Together with the Niobrara (Colorado and Wyoming), these plays accounted for 92% of oil production growth and all natural gas production growth in the USA during 2011-2014. See Table 1 for sources.
Much of the increased production in these areas is attributed to horizontal drilling and hydraulic fracturing with above-average volumes [Gallegos et al., 2015] . An increased rig count thus indicates increased drilling activities within an area and by association a likely increased number of hydraulic fracturing treatments. Figure 11 shows that rig counts are correlated to production but with peaks leading by one or more years. This gives credence to our assumption that production can be used as a proxy for hydraulic fracturing volumes at the scale of these regional plays. The trend in the last couple years has been to increase both the number of hydraulic fracturing stages (that is, treatment points) per well and the fluid volumes per stage, indicating a shorter time separation between hydraulic fracturing volumes and production than between rig counts and production. The strong decline in rig counts in 2015 is due to the fall in oil and gas prices in 2014.
If pore pressure diffusion due to hydraulic fracturing triggers-induced seismicity, then increased production and seismicity rates could coincide, lead or trail depending on the well-head-to-hypocenter distances involved and time lags between treatment and production. In most case histories, however, the seismicity occurs during treatment or in the flowback period and thus ahead of production [Bao and Eaton, 2016; Schultz et al., 2017] .
Causality-A natural tendency exists to focus attention on areas where seismicity patterns have changed; however, it is equally important to understand why this is not the case elsewhere. Davis and Frohlich [1993] pose several questions to establish if a causal link exists between fluid injection and observed earthquake patterns, as well as to determine the likelihood of inducing future earthquakes due to injection. They recommend investigating (1) the background seismicity (does historic seismicity exist?), (2) the local geology Geochemistry, Geophysics, Geosystems
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(are there known faults in the area?), (3) the current state of stress (are the rocks close to being critically stressed?), (4) the actual injection practices (is sufficient fluid injected to create shear failure at the well head and the location of observed seismicity?). At the scale of this investigation it is not possible to isolate individual causes and factors of what is clearly a multifaceted problem. However it is possible to draw various general conclusions.
Injection volumes-Both hydraulic fracturing volumes and salt-water disposal volumes vary substantially from play to play [Clark et al., 2013; Gallegos et al., 2015; Chen and Carter, 2016] . For instance, disposal volumes in Oklahoma grew from 849M to 1538M barrels annually between 2009 and 2014 [Murray, 2015] (Figure 10) , whereas the annual disposal volume for Northeast British Columbia was 35M barrels in 2013 [BCOGC, 2014a [BCOGC, , 2014b . The vast volume of the injected fluids in Oklahoma must play a role in explaining the observed regional change in earthquake patterns, compared with only locally observed changes in Northeast British Columbia (Figures 3 and 9 ).
Full information on injection volumes for hydraulic fracturing treatments is at best only partially disclosed. Substantial data mining is required to obtain estimates at a regional or play-sized scale [Gallegos et al., 2015; Chen and Carter, 2016] . Horner et al. [2016] estimate that for North Dakota (Bakken) water use for Geochemistry, Geophysics, Geosystems
hydraulic fracturing increased 5.6-fold from 18.3M barrels/yr in 2008 to 102M barrels/yr in 2012. These numbers remain more than an order of magnitude smaller than the disposal volumes in Oklahoma; yet it is 3 times the estimated disposal volume in Northeast British Columbia for 2013. Conversely, seismicity in North Dakota is and remains rare (Figure 7 ). This demonstrates that although the likelihood of induced seismicity rises with increased injection volume in general, the required volumes for triggering seismicity vary substantially both locally and regionally.
Current state of stress-The likelihood of inducing seismicity is also related to the differential stress state (that is, largest minus smallest principal stress), and in particular how close an area is to the critical shear stresses [Davis and Frohlich, 1993; Zang et al., 2014] . Both the stress magnitudes and orientations are important [Sibson, 1985 [Sibson, , 1990 .
The vertical stress magnitude is commonly derived from density logs. The minimum horizontal stress magnitude and the orientation of the maximum horizontal stress can be obtained using a variety of means such as extended leak off tests, borehole breakout, or hydraulic fracturing treatments. Unfortunately, it is typically measured only at a few depths. Obtaining estimates of the maximum horizontal stress magnitude is much more challenging [Schmitt et al., 2012] . All three principal stresses are required to find the likelihood of shear reactivation of a pre-existing fault of a given orientation, for instance, using slip tendency analysis [Morris et al., 1996] . The pore pressure regime also plays an important role [Sibson, 1985 [Sibson, , 1990 . Geochemistry, Geophysics, Geosystems
Furthermore, numerical simulations show that the magnitude of both horizontal stresses can vary significantly with depth [Roche and Van der Baan, 2015] , because material and stress heterogeneity are likely to be coupled. Understanding the regional and local variability in induced seismicity thus requires an improved knowledge of the orientation and magnitude of all components of the in situ stress field. For instance, are all rocks critically stressed? Variations in local effective stress magnitudes and orientations across the USA and Canada combined with different fluid injection volumes are likely to explain many of the observed seismicity patterns.
Local geology and existing faults-The likelihood for induced seismicity also increases if injected fluids and resulting pore pressure perturbations intersect pre-existing and favorably oriented faults [Sibson, 1985 [Sibson, , 1990 Ellsworth, 2013; Zang et al., 2014] . Knowledge of the existence, orientation and mechanical properties of reactivated faults is often incomplete and insufficient. Frohlich [2012] shows that seismicity in the Barnett area only occasionally occurs near known faults. Likewise, published fault maps for Oklahoma [Darold and Holland, 2015] do not show a clear correlation with observed seismicity (Figure 3a ). In the Horn River area (British Columbia), reactivation occurred in nearly all cases on faults that are not visible on reflection seismic data, whereas intersected known faults only rarely created induced seismicity [BCOGC, 2012] . A strike-slip regime exists locally in the Horn River basin. Strike-slip faults are difficult to detect on reflection seismic data because of the lack of fault offset in the dip direction. Lack of knowledge on the presence and properties of nearby faults clearly poses a conundrum for assessing reactivation and thus induced-seismicity potential.
Historical background seismicity-Finally, Davis and Frohlich [1993] recommend examining the historic seismicity in order to determine if anomalous trends exist. This is done in Figures 3-9 . Seismic hazard maps Geochemistry, Geophysics, Geosystems
may provide additional insight into historic seismicity patterns [Evans et al., 2012] . Probabilistic seismic hazard analysis aids in assessing the risk to infrastructure and humans caused by earthquake shaking. It estimates the probability that ground motion exceeds a certain level at a site within a predefined timeframe [Cornell, 1968] . Hazard assessment is based on historic seismicity and takes both the number and magnitude of events into account.
Figures 12 and 13 provide the two-percent probability of exceedance in 50 years of peak ground acceleration (PGA) in the United States [Petersen et al., 2014] and Canada [Earthquakes Canada, 2005 ]. An inferred low PGA implies a historically low seismic hazard. In all the States and Provinces with exceedance PGA below 0.06 g, either no visual correlation exists in in the period 2008-2014 between seismicity rates and changes in production (Pennsylvania, West Virginia, North Dakota, and Saskatchewan) or it is limited to local areas (local clusters in Alberta, British Columbia, Ohio, and Texas). Conversely, the state of Oklahoma, with the significantly higher exceedance PGA of 0.2-0.3 g, shows a clear regional correlation between increased production and seismic activity (Figure 10 ).
Two different conclusions can be drawn from this observation. Seismic hazard maps are an indicator of existing tectonic background rates and natural seismic activity if human-induced seismicity is negligible or has been excluded from the computations. Indeed efforts are made to exclude events suspected to be of nontectonic origin in the USA hazard calculations [Petersen et al., 2015] . However, there is a growing recognition that historic human-induced seismicity may be more important than previously thought as seen in Oklahoma (Figure 3a ) [Hough and Page, 2015] , Alberta and Northeast British Columbia (Figures 8a and 9a ) [Atkinson et al., 2016] . For instance, the peak in Oklahoma oil production in the early 80s coincides with increased seismicity between 1977 and 1983 with numerous epicenters in known producing areas ( Figure  3 ). See also Hough and Page [2015] . This in turn affects seismic hazard predictions.
The first possible conclusion is that if historic human-induced seismicity in Oklahoma, Alberta, and British Columbia is relatively prevalent then the seismic hazard maps simply reflect this. The alternative conclusion is that the likelihood of anthropogenic activities creating induced seismicity is proportional to the near-surface tectonic background rate and the amount of natural seismicity. This would then help explain why for instance North Dakota and Pennsylvania show little evidence for induced seismicity. Either conclusion implies that induced seismicity is less likely in areas with low seismic hazard. Similarly, Evans et al. [2012] find that the likelihood for the occurrence of felt or damaging events due to CO 2 or geothermal fluid injection seems to be smaller in areas with low seismic hazard (10% likelihood of a GPA of 0.07 g or smaller within 50 years). Note, however, that they state explicitly that the opposite is not necessarily true. Induced felt seismicity is not more likely in areas with higher seismic hazard [Evans et al., 2012] .
Conclusions
Large-scale underground fluid injection, because of hydraulic fracturing treatments and/or salt-water disposal, may affect local and regional seismicity rates. A scrutiny of six States in the USA and three Providences in Canada shows, however, regional responses vary significantly with several States/Provinces showing no change in recorded seismicity despite 8-16-fold increases in production. Conversely, in Oklahoma, there is an 85% correlation between oil production and seismicity (M 3), and a 92% correlation between saltwater disposal into the Arbuckle formation and recorded seismicity.
Our observations raise the question of contributing factors and underlying causes. Why do some regions/ local areas show positive correlations between seismicity rates and recent production increases (with associated large-scale fluid injection), whereas most areas seem insensitive to ongoing anthropogenic activities?
Ultimately, a combination of the depletion strategy, injection volumes plus the local and regional-scale geology and tectonics determine susceptibility to increased earthquake hazard; current state of stress, proximity to critically stressed faults and the seismic history are all factors determining the risk that a given region may experience human-induced seismicity. A comparison with the seismic hazard maps for the USA and Canada shows that induced seismicity is less likely in areas with a lower hazard. The opposite, however, is not necessarily true.
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